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Introduction
In the recent decades the disposal of wastewater from the different types of industries like pesticides, cosmetics, paper, textiles and leather has been increasing day by day. Among all textile and dying industry are the major contributor of wastewater. The accumulation of toxic compounds in the water resources have been entailed as unsolved puzzle for the environment and more hazardous to human health. In fact, approximately 200 litres of water required to produce l kg of textiles [1] . About 20% of the dyes and dye products enter into the water resources through the discharge of textile industries. The azo dyes constitute the major dye used in textile and dying industries exceeding over 60% of the dye used [2] . The intermediates of the dye compounds have adverse effects as deplete the dissolved oxygen in aquatic system and endanger to flora and fauna. Hence it is more essential to treat with an efficient method to transform all these dyes and intermediates into toxic free compounds [3] .
Moreover, the anaerobic and incomplete degradation of dyes generates aromatic amines and other recalcitrant secondary pollutants which are more toxic and carcinogenic [4] . Hence, there is a need for an efficient oxidation method to treat the dyes and its by-products before being disposed into water resources. For decades advanced oxidation processes have proved to be an efficient and powerful tool to eliminate these dyes from wastewater [5] .
Environmental sonochemistry is an example for advanced oxidation process which is widely followed treatment methods for the complete destruction of recalcitrant pollutants in the wastewater [6] . The physical and chemical effects of the ultrasound produced cavitation bubbles in the aqueous solution generates high temperature and pressure within the liquid during the collapse of the bubbles deals with the destruction of complex compounds [7] . The effective treatment is caused by the increased rate of generation of
• OH radicals and other reactive moieties. The degradation kinetics followed by the sonochemical treatment can be of zero order, first order depend upon the in situ production of • OH radicals and their degree of contact with the contaminants present in the wastewater [8] . The limitations of the individual process can be eliminated by the process integration of ultrasound with the addition of catalyst. Further the turbulence in the aqueous solution created by the ultrasound helps in catalyst fragmentation and de-agglomeration thus increasing the activity of the catalyst [9] .
Recently the pulsated ultrasound treatment has been studied for improving the efficiency of the degradation kinetics. This process has been developed to deliver more rapid effects both in time and life cycle of the generated cavitation bubbles [12] . In recent years the highlights of the ultrasound performance in degradation of pollutants has been reported as the effective method among advanced oxidation process.
The technologies employed in degradation studies still produces incomplete intermediates after the oxidation process [13] . The usage of catalyst helps in transforming these complex intermediates into harmless compounds [14] . Recently the piezoelectric and electronic properties of wurtzite ZnO crystals showed the generation of electric dipole where the wonderful cation-anion displacement occurs promoting the formation of oxidative radicals very rapidly [15] . When these semiconductor catalysts coupled with the pulsed ultrasound in the degradation of azo dyes showed a beneficial synergetic effects. This strategy helped inducing a high efficiency technology to remove the organic pollutant from wastewater. The aim of this work was to assess the performance of pulsed ultrasound with
ZnO semiconductor catalyst as a part of advanced oxidation process for degradation of azo dyes, studying the effects of various other parameters like pH, anti-oxidants, dye concentration and volume on the rate of decolourization. Moreover, the synergetic efficiency of the combined parameters with pulsed ultrasound process was evaluated.
Experimental procedure
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Reactive 
Catalyst characterization
The morphology of synthesized catalysts ZnO was investigated using scanning electron microscopy (SEM) images (JEOL, Hitachi Corporation, Japan). The elemental composition 
Experimental procedure
0.01004 mmol (1000 ppm) concentration of Reactive Red 4 stock solution was prepared with
Millipore water and used for the experimental study. The degradation studies were carried out using 1000 mL dye solution placed in water cooled jacketed beaker at room temperature 25º C. Fig 1a. represents the scheme of the experimental setup. study its effect of anti-oxidants on RR4 dye colour removal. For all the experiments, the ultrasound was irradiated for an hour and the decolourization of RR4 was monitored using UV-vis spectrophotometer for every 15 min with intermittent sampling.
Analytical Procedure
The optical absorption spectra of the Reactive Red 4 dye solutions were determined by 
Effect of pulsed sonication treatment
The experiments were conducted in continuous sonication and pulsed sonication system, respectively to illustrate the degradation potential of the individual processes. As shown in . It was also confirmed that little colour removal was achieved when pulsed sonication was applied such that during the ON and OFF time interval (5 seconds) the dye molecules have been decomposed at the bubble water surface. Therefore, the decolorization efficiency was also increased from 29% to 36%.
Similarly, the produced • OH radicals were not enough for complete degradation RR4 as mere ultrasound was inefficient for the complete removal of the recalcitrant pollutant molecules
Effect of pH
The effect of pH on decolourization of RR4 was also performed. Fig. 3 shows that the low pH favors high decolourization with small differences in the range 2.0-4.0, and lower rate at alkaline pH [20, 21] . The natural pH of the solution is 6.71, during acidification the dye would become hydrophobic and easily available for ultrasound treatment. Similar studies reveal that the degradation kinetics increased for RR4 dye molecules in the acidic medium. 
Effect of dye concentration
The influence of initial dye RR4 concentration of the sample solution was investigated with different concentration ranging from 10ppm to 1000ppm on colour removal rate. As illustrated in Fig. 5 , the dye colour removal changed inversely to the initial dye concentration of RR4 [26] . Higher colour removal rate was obtained for the process study where the initial dye concentration of 10ppm solution relative lower initial concentration while the dye concentration was increased 10 times further. For an instance, in 60 min, the simple pulsed sonication achieved 26% decolorization, while 24% decolorization could be achieved in the process when the dye solution concentration increased by 10 folds. The possible explanation might be that the ratio of • OH radicals to dye molecules in the solution decreased when the concentration of the dye molecules increased 10 folds [27] , resulting in an excess of dye molecules regarding to • OH radicals generated during the sonication process. As a result, the decolorization rate lowered for the high initial dye concentration than the lower dye concentration.
Fig 5
Catalyst Characterization
SEM images were recorded on catalysts synthesized by both continuous, pulsed mode sonication and shown in Fig.6a and Fig. 6b . We can see the smooth, uniform texture and agglomerated pseudo spherical structure of ZnO [28, 29] . The agglomeration observed was due to the van der Waals forces among the gap energy between the particles. The transformation of surface morphology is from agglomeration to wurtzite relatively due to the shock wave applied during the sonication [30] . During the pulsed sonication ZnO was subjected to some changes in its crystallinity [31] . These changes are significant in pulsed sonication when compared to continuous mode. After the drying in the hot air oven for 24 hours the different structure evolves from both the continuous and pulsed mode of sonication.
TEM and EDAX characterization also confirms the formation of ZnO nanoparticles using sonication Fig. 6c and Fig. 6d.   Fig 6a, 6b, 6c and 6d suggests that the planes of (100), (002) and (101) correspond to the hexagonal crystal lattice existing along with a slight residual tensile stress [32] . Also the lattice parameters showing sharp reflections where the presence of Zn(OH) 2 has been identified along with the ZnO amorphous nanoflakes [29, 30] . When the ZnO particles subjected to pulsed sonication the lattice during the nucleation and growth gains thermal energy for entropic configuration thus increasing its crystallinity.
Diffuse reflectance spectra (DRS) shows the absorption properties of the catalyst depends upon the angle of incidence, the refractive index and surface roughness. DRS obtained were analysed using the (Kubelka-Munk theory) Kubelka-Munk equation at any wavelength Eqn
where R represents the absolute reflectance and F(R) as Kubelka-Munk function. Fig. 8 shows the diffused reflectance for ZnO nanopowders [33] . It is clearly seen that the diffused reflectance increased with increasing wavelengths. The optical transitions in semiconductor catalyst occurs due to direct and indirect transitions. The optical band gap E g was calculated by using the fundamental absorption, such that the electron excitation from the valance band to the conduction band. The optical band gap was calculated by using the following equation
where A represents an energy-independent constant and E g as the optical band gap, nconstant determines the type of optical transitions and for indirect allowed transition, n=2;
and indirect forbidden transition, n=3, for direct allowed transition, n=1/2; for direct forbidden transition, n=3/2. The optical band gap of the samples was calculated from the plots of (F(R)hυ/t) 2 as a function of photo energy hυ. The optical band gap of ZnO nanoparticles were found to be 3.19eV further in good agreement with the band gap from diffused reflectance previously calculated by other researchers equals to 3.22eV [34] .
The variation in the thickness and density of the synthesized catalyst were shown by the BET adsorption-desorption curve. The obtained curve corresponds to type IV hysteresis loop the characteristics of mesoporous particles. The surface area of the synthesized ZnO particles were found to be 3.93 m 2 /g (Fig. 8) , approximately equals to the surface area of ZnO nanoparticles reported earlier [35] . The ZnO agglomerated assemblies with sufficient surface area and more mesoporous structures also acts as adsorbents while used for the treatment of dye pollutants. The complete degradation of dyes into CO 2 and H 2 O were studied in this treatment process and analysed by the COD. The COD values can be related to the concentration of organics present in the dye. The colour removal from the wastewater cannot be considered as complete oxidation [38] . Many researchers have reported that there were reaction intermediates present in the solution after the decolourization studies [39] . In our studies, the intermediates from RR4 which will form aromatic ring structure intermediates were long lived and more achieved 97% degradation in about 20 minutes of reaction time. Furthermore, it also shows that 87.5% reduction of COD occurring at a faster reaction rate than colour removal achieving with in the time interval of 17 minutes. Thus the combined effect prevails to be more beneficial in COD removal rather than simple decolourization.
Fig 10
Degradation Pathway of RR4
The formation of intermediates as the chromophores of RR4 evolved as the degradation of dye proceeds reflect in the UV-vis spectra. The spectral changes are attributed to the change in the π → π* transition related to the -N=N-group, C-C group, C-N group, benzene and naphthalene rings of the RR4 molecule [40] . The absorption peak of RR4 decreases rapidly when the degradation reaction proceeds. After the reaction time when there was no peak in the absorption peak indicating that the azo bonds and the conjugated molecules of the dye molecule were completed destroyed and converted into simpler molecules. The intermediates formed during the degradation after the reaction time 60 minutes were analysed by GC/MS. During the degradation process the byproducts like sulfonic acid, heneicosane, 3-Hexadecene, 1-Octadecene etc were detected. Moreover, there were several pathways through the degradation process followed [41] . The cleavege of -D r a f t N=N-group, C-C group, C-N group, benzene and naphthalene rings of the RR4 molecule follow several concurrent pathways by the oxidation of mainly • OH radicals have been indicated and the corresponding plausible pathway have been proposed in Fig.11 . Eventually the destruction of RR4 aromatic rings were formed and all the complex molecules were degraded into smaller molecules.
Fig 11
Reusability of catalyst for RR4 removal
The reusability and stability of the catalyst material for the degradation reveals the cost effectiveness. The catalyst effect on degradation of RR4 was carried out with ZnO (0.30 g/L) for 10 ppm concentration at the solution pH 6.71. After the pulsed sonication for the removal of RR4, the COD was reduced 37%. The catalyst was filtered and treated with 1 M NaOH and 1 M ethanol then washed repeated 3 times with Millipore water and dried at 120°C successively to regenerate for the next cycle of degradation studies. The degradation studies were experimented with 4 cycles. Fig. 12 shows the COD values of the repeated degradation studies using the regenerated catalyst. It revealed that after 3 cycles the catalyst showed 30% COD reduction as there was a slight decrease in the catalytic activity due to the lesser number of active sites in the catalyst [42] . The decrease in sites may be due to the subsequent attack by the dye molecules and reducing the catalytic efficiency. Moreover, the catalyst stands effective after regeneration and further indicating that the catalyst potential for wastewater treatment applications.
Fig 12
Conclusion
The ultrasound in pulsed mode alone have negligible effect on the decolourization of RR4.
However, when ultrasound combined with other parameters like pH variation, catalyst loading, dye concentration and H 2 O 2 addition gave faster decolourization rate. The synergetic effect of AOP can be explained by the formation of hydroxyl radicals helps in the faster decolourization kinetics. When the concentration of H 2 O 2 increased there was an increase of decolourization reaching a maximum (asymptotic value). Moreover, the increase in antioxidant intuitively describes that the excessive addition can favour the radical scavenging resulting in decrease in the removal kinetics. Under the hybrid combined experimental conditions, the dye solution could be completely decolorized within 20 minutes a very short D r a f t reaction time. The rate for colour removal is much faster and similar that of COD removal.
All the aromatic ring, azo bond were cleavaged within 20 min, and ended in simpler compounds. Finally, the plausible degradation path of RR4 was predicted. 
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• OH radicals for attacking the pollutants thus decolorization of 97% achieved in short time.
